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A B S T R A C T
Understanding the characteristics of urban airflows with complex geometrical features is very
important from viewpoints of assessing strong wind hazards in the region. This study investigated
turbulent airflows and strong wind hazards in an urban area by conducting large-eddy simula-
tions (LESs) with explicit representations of buildings and structures. A business district, in-
cluding historical architectures, of Kyoto City was chosen. The sensitivity experiments with
realistic and idealized building arrangements indicated that the actual, complicated arrangement
of buildings as well as the building height variability would enhance an unsteady nature of
airflows in urban canopy. An analysis of strong wind hazards under a typhoon condition shows
that sustained winds are stronger along streamwise-oriented major streets and over open spaces
while instantaneous winds become stronger especially within areas with a mixture of high-rise
buildings embedded in low-rise building areas/open spaces. It was indicated that wind gustiness
increases with the decrease in building plane-area index. The analysis suggested that both the
building height variability and the complex arrangement of buildings are considered to enhance
the gustiness of surface winds. This study demonstrated that an LES model is practically useful for
assessing the strong wind hazards in urban areas.
1. Introduction
Airflows in urban and/or populated areas determine the environmental conditions for our daily lives and activities. With the
advances of urbanization, there are serious environmental problems such as urban heat island and air pollution. In addition, strong
winds during the landfall of tropical cyclones are a great threat to human lives, social infrastructures, and economic activities in
urban areas. With complex geometrical features of urban areas, the spatiotemporal variability of winds becomes high and wind gusts
will be severer, which is regarded as a strong wind hazard that may lead to disasters. Furthermore, impacts of climate change on
tropical cyclone hazards are of great concern to our society and thus have been extensively investigated in a number of recent studies
(Hill and Lackmann, 2011; Lackmann, 2015; Tsuboki et al., 2015; Takemi et al., 2016a, 2016b, 2016c; Ito et al., 2016; Kanada et al.,
2017a, 2017b; Nayak and Takemi, 2019a, 2019b). In this way, understanding the characteristics of airflows in urban areas is very
important from viewpoints of assessing strong wind hazards in the region.
Airflows in urban areas are more complex than the boundary-layer flows over natural and flat grounds with no significant surface
roughness and terrain undulation (Belcher, 2005; Fernando, 2010; Fernando et al., 2010). Bottema (1997) demonstrated the presence
of roughness sublayer below the surface inertial layer. In this roughness sublayer, the vertical gradient of wind speed becomes smaller
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than that in the inertial layer, which is due to the enhanced vertical mixing of momentum by the presence of roughness obstacles. The
flow patterns over roughness obstacles that mimic urban rough surfaces were investigated in idealized settings by laboratory and
numerical experiments (e.g., Hussain and Lee, 1980; Oke, 1988; Shao and Yang, 2005), focusing on the influences of the density of
roughness obstacles on flow structures. Wieringa (1993) showed that the vertical profiles of winds critically depend on different flow
regimes. Furthermore, three dimensional features of the roughness arrangements also affect airflow patterns (Oke, 1988; Hunter
et al., 1990). Such complex flow patterns were also theoretically and analytically examined in detail (Raupach, 1992; MacDonald
et al., 1998; Shao and Yang, 2008). For cases in actual urban areas, Grimmond and Oke (1999) examined the relationships of the
roughness density in urban areas with the roughness parameters and showed that the roughness length increases with the increase in
roughness density up to some point but decreases with the further increase in roughness density, like those seen in the flow pattern
shown in Oke (1988).
However, the geometrical features of roughness surfaces in actual cities are so complex and complicated that the assumption of
constant obstacle height, commonly employed in laboratory and numerical experiments, is not valid. Understanding how the
variability of the height and distribution of buildings as seen in actual urban areas affects the urban airflows has been a challenging
topic (e.g., Cheng and Castro, 2002; Kanda, 2006; Xie et al., 2008; Bou-Zeid et al., 2009; Nakayama et al., 2011; Zaki et al., 2011;
Kanda et al., 2013; Park et al., 2015; Giometto et al., 2016; Nakayama et al., 2016; Castro, 2017; Han et al., 2017; Xu et al., 2017; Zhu
et al., 2017; Li et al., 2018; Yoshida et al., 2018; Yoshida and Takemi, 2018; Hertwig et al., 2019).
Under such urban geometrical influences, strong winds caused by tropical cyclones pose a great threat to urban areas. With this
recognition, there are some studies on the urban impacts of tropical cyclones. From special observations, Kato et al. (1992) showed
that gust factors during typhoons exceed 2 within urban canopy layers. From numerical simulations, Nakayama et al. (2012) esti-
mated the gust factors in a business district of Tokyo exceeding 2 during a typhoon landfall. Estimations on surface-level winds in
urban areas have also been examined. For example, Knight and Khalid (2015) used a surface friction analysis method incorporating
building geometrical data to assess the impacts of hurricane winds in an urban area. Alford et al. (2019) used radar data to estimate
near-surface winds by assuming a logarithmic wind profile assumption during a hurricane landfall. As a case study of an extreme
wind event, Takemi et al. (2019) conducted building-resolving numerical simulations of airflows in a densely built district of Osaka
during the landfall of Typhoon Jebi (2018) and estimated the maximum instantaneous winds at a surface level being 50–60 m s−1,
comparable to the winds at a boundary-layer top. Takemi et al. (2019) emphasized that the variability of building heights in the
densely built district makes surface-level strong winds severer. Thus, a geometrical feature of urban areas is considered to be critical
in characterizing the strong wind hazards. However, in the study of Takemi et al. (2019), how the building density affects the gust
appearances was not quantified.
Therefore, one of the purposes of this study is, by extending the work of Takemi et al. (2019), to further investigate the strong
wind hazards in urban districts by performing large-eddy simulations (LESs). Different from the study of Takemi et al. (2019), the
urban area of Kyoto City is chosen here, and the wind condition under Typhoon Jebi (2018) is assumed in the LES. Since there are a
large number of historical buildings in Kyoto, assessing the strong wind hazards is an important task. In this sense, the LES model has
an advantage in simulating airflows in urban areas because the model can explicitly represent unsteady, turbulent fluctuations of
winds within a cluster of buildings in urban areas. In the previous study by Yoshida et al. (2018), they have performed LESs of
airflows over Kyoto City, and the dataset is useful in demonstrating the gust characteristics. Thus, another focus of this study is placed
on the instantaneous gust characteristics by using the data of Yoshida et al. (2018). In comparison with the LESs of Yoshida et al.
(2018), additional experiments employing idealized building arrays are performed to examine whether the height-variability and
arrangement of buildings have an impact on airflows in the urban area. By using the LES model, we will firstly explore the influences
of building-height variability on airflows in urban-like, idealized building distributions, and secondly estimate the instantaneous
winds within a real urban canopy of Kyoto City in order to gain insights into strong wind hazards in urban areas.
This paper firstly presents the morphological characteristics of Kyoto City by comparing those of Tokyo and Osaka in Section 2.
Section 3 describes the LES model used in this study and the design of numerical experiments. Section 4 examines how building
arrangements affect strong winds within idealized urban areas, and investigate strong wind characteristics in a business district of
Kyoto in the case of Typhoon Jebi (2018). Section 5 summarizes the present study.
2. Morphology of Urban Areas in Japan: Kyoto, Osaka, and Tokyo
The geometrical characteristics of urban areas are described in terms of the spatial distributions of man-made buildings and
structures. Ratti et al. (2002) derived urban morphological information by using fine-scale digital elevation model (DEM) datasets.
According to Ratti et al. (2002), this study examines the urban morphological feature of Kyoto City. Kyoto is a historic city with a
large number of temples, shrines, and old architectures and houses, some of which are recognized as World Heritage Site. At the same
time, modern buildings and structures have been built over the decades. Thus, the city center hosts a mixture of historical and modern
buildings. The morphological features of Kyoto City are examined with the use of high-resolution building data and are compared
with those of other major cities in Japan: Osaka and Tokyo.
In order to derive the urban morphology, this study used the digital surface model (DSM) at the horizontal resolution of 2 m,
provided by Kokusai Kogyo Co., Ltd. The original Level-1 DSM data were obtained by air-borne laser measurements, and were
processed at the 2-m grid spacing as Level-2 data which we used here. Fig. 1a, b, and c show the spatial distribution of the buildings
and their heights for Kyoto, Osaka, and Tokyo, respectively. Note that the ground elevation is excluded in the building height. In
order to derive and compare the morphological characteristics for the three cities, the analysis area was centered on the business and
densely built districts with the same size of the area as 2.2 km by 3.2 km. Fig. 1d, e, and f demonstrate the analysis areas for the three
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cities.
The urban morphology is quantitatively characterized in terms of some of the roughness parameters examined in Ratti et al.
(2002) and those used in Nakayama et al. (2011). The parameters examined here are average building height Have, the maximum
building height Hmax, standard deviation of building height σH, normalized building height variability VH (=σH/Have), building plane
area index λp, and building frontal area index λf. The plane area index is defined as the ratio of the total area occupied by buildings to
Fig. 1. The building height distributions of (a) Kyoto, (b) Osaka, and (c) Tokyo, with the height legends shown on the right of each panel. A 2.2 km
by 3.2 km area indicated as the white box in each panel is enlarged in (d) Kyoto, (e) Osaka, and (f) Tokyo for the analysis of the morphological
information.
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the total surface area, while the frontal area index is defined as the ratio of the total frontal area of buildings to the total surface area.
If the obstacle height is uniform, MacDonald et al. (1998) theoretically obtained the analytical solution for roughness length z0 as
follows:
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where H is the constant obstacle height, d is zero-plane displacement, CD is drag coefficient, and κ is von Karman constant. This
theoretical equation is able to reproduce the variation of roughness length in response to frontal area index. With the increase in
building height variability, the theoretical equation of MacDonald et al. (1998) is no longer valid, and hence the effects of building
height variability should be incorporated (Nakayama et al., 2011).
The above parameters were computed in the areas shown in Fig. 1d, e, and f. Table 1 summarizes the roughness characteristics of
the urban surfaces of Kyoto, Osaka, and Tokyo. The building heights in Kyoto are overall lower than those in Osaka and Tokyo in
terms of both the average and the maximum. In contrast, the building height variability which is normalized by the average height
indicates that the height variability of Kyoto is comparable to that of Osaka and is much higher than the values of cities in Europe
(i.e., London, Toulouse, and Berlin) (Ratti et al., 2002). In addition, the district of Kyoto is densely built, similar to the areas of Osaka
and Tokyo. Such densely built environments of the three Japanese cities are similarly found in London and Toulouse (Ratti et al.,
2002). However, the frontal area index of Kyoto is smaller than the values of Osaka and Tokyo, because of the lower building heights
in Kyoto.
Fig. 2 shows the frequency distribution of the building heights in the central districts depicted in Fig. 1d, e, and f for Kyoto, Osaka,
and Tokyo, respectively. About 60 to 70% of the total buildings in each district are lower than the averages, and about 25 to 35% of
the total buildings have heights ranging from 1 to 2.5 times the average height. The distributions of the three cities up to the height of
2.5Have look similar among the three cities. However, the frequency of Kyoto has a local peak in the range of 2.5 − 3Have, different
from the feature of Osaka and Tokyo. Further increase in the height range demonstrates different behavior in the frequency dis-
tribution for the three cities. This means that the building plane area index evaluated at each height level has different features
depending on the cities. Considering that the flow regime depends on the building plane area index (MacDonald et al., 1998) and that
the plane area index can be estimated at each height level (Nakayama et al., 2011), the building height distributions will have
different impact on airflows in each city.
From these analyses, the urban surface of the central district of Kyoto is characterized as having a building-height variability that
is smaller than the cases of Osaka and Tokyo but much higher than those of the European cities examined in Ratti et al. (2002), and a
high density of built areas, comparable to the densities of Osaka, Tokyo, and the European cities. The densely built environment with
highly variable building heights is a common characteristics to the three Japanese cities.
3. LES model and experimental design
3.1. LES model
We use the LES model of Yoshida et al. (2018), which was originally developed by Nakayama et al. (2011) for simulating airflows
Table 1
Roughness parameters for the central districts of Kyoto, Osaka, and Tokyo.
Have (m) Hmax (m) σH (m) VH λp λf
Kyoto 11.6 56.6 7.8 0.67 0.46 0.29
Osaka 20.5 189 15.3 0.74 0.49 0.66
Tokyo 20.3 283 21.6 1.05 0.53 0.45
Fig. 2. The frequency distribution of building heights in the central districts of Kyoto, Osaka, and Tokyo. The heights are normalized by the average
building height (Have) in each district.
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over idealized arrays of urban-like roughness obstacles. The governing equations consist of the Navier-Stokes equation and the mass
continuity equation with a spatial filter applied. An incompressible fluid without density stratification is assumed, because we focus
on the neutral stability conditions. With the spatial filtering, the turbulence stress term appears in the Navier-Stokes equation, and the
stress term is represented with a standard Smagorinsky model. The equation set is discretized on staggered grids in the Cartesian
coordinate. The solid body is represented as an external forcing and is added as a body force in the Navier-Stokes equation. Within the
Cartesian coordinate, each grid is characterized as a solid or a fluid cell. If a cell corresponds to a solid cell (i.e., within roughness
obstacles), the additional forcing term is applied to the Navier-Stokes equation. This external body force is represented by the
feedback forcing of Goldstein et al. (1993). The advantage of the LES model originally developed by Nakayama et al. (2011) is that
the model can be easily implemented to simulating airflows over actual urban areas by representing the effects of roughness obstacles
as the feedback forcing of Goldstein et al. (1993). Because the buildings in actual urban areas are distributed in a disorganized way
such that the density, height, and arrangement of buildings is highly complex, flexibility in incorporating the actual buildings in the
model is important. In the Cartesian coordinate system, separating fluid and solid grids is easily conducted with the use of digital
elevation model (DEM) datasets which include individual buildings and structures. After separating the fluid and solid grids in the
whole coordinate system, the external forcing term of Goldstein et al. (1993) is added to the momentum equations for the solid grids.
There are some parameters that should be specified in the LES model. Yoshida et al. (2018) conducted test experiments with the
Smagorinsky constant CS varied and compared the simulated results with the turbulence observations at the Ujigawa Open La-
boratory located in the south of Kyoto City to find that the case with CS = 0.14 best fitted to the observations. Thus, in this study the
Smagorinsky constant was set to be 0.14. The external forcing term of Goldstein et al. (1993) includes three parameters, which were
defined here in the same way as in Nakayama et al. (2011).
The validity of the present LES model has been confirmed through a wide range of applications to simulating turbulent flows over
a business district of Tokyo during the landfall of a typhoon (Nakayama et al., 2012), airflows around the Fukushima Daiichi Nuclear
Power Plant after the devastating earthquake and tsunami on 11 March 2011 (Nakayama et al., 2015), and turbulent flows and
dispersion in Oklahoma City (Nakayama et al., 2016). A parallelization capability with Message Passing Interface (MPI) was im-
plemented by Vanderbauwhede and Takemi (2015), enabling very-high-resolution simulations over a wide computational domain.
The present LES model has been also validated with the observations at the Ujigawa Open Laboratory in Kyoto City (Yoshida et al.,
2018).
The height and arrangement of buildings and structures in Kyoto City are obtained from the DSM dataset of Kokusai Kogyo Co.,
Ltd., which is shown in Fig. 1a. The dataset for Kyoto City is used as the lower boundary of the main computational domain. In order
to provide turbulent inflows at the inlet of the main computational domain, we use the same approach as in Yoshida et al. (2018) by
employing an additional computational domain to generate turbulent flows.
As in Yoshida and Takemi (2018) and Yoshida et al. (2018), we set two computational domains: one was a main computational
domain; while the other was a driver domain to generate and accelerate turbulent inflows for the main computation domain. The
idealized arrays of roughness obstacles were placed in the driver domain. The turbulent generation method in the driver domain was
exactly the same as used in Yoshida et al. (2018). The details of the arrangement of the roughness obstacles placed in the driver
domain were explained in Yoshida et al. (2018), and a uniform flow with a wind speed of 5 m s−1 is imposed at the inlet of the driver
domain. Within the fetch of the driver domain with the roughness obstacles placed at the domain bottom in an idealized way,
turbulent flows were generated. The turbulent properties of the inflows generated in the driver domain were given in the supple-
mentary material of Yoshida et al. (2018).
The turbulent inflows generated with this procedure were imposed at the inlet of the main computational domains in all the
numerical experiments as described in the following subsections. In the idealized experiments the idealized roughness arrays were
used, while in the experiments for flows over the actual urban area the real building dataset was used to set the lower boundary
geometry. The numerical experimental settings are described in the following subsections.
3.2. Experimental design: Idealized experiments
In this study, we used the LES outputs of Yoshida et al. (2018) who conducted LESs of airflows over Kyoto City. In addition, we
conducted numerical experiments on airflows over urban-like, idealized building arrays in order to demonstrate the effects of
building-height variability and building arrangement.
The arrangements of the roughness obstacles for the present idealized numerical experiments are shown in Fig. 3. Two numerical
experiments were conducted. The one is SQ in which a square array of obstacles with the height of 10.3 m is placed at the lower
boundary. The other is VAR in which two types of obstacles with different height are placed in a staggered way as shown in Fig. 3.
The height of the lower obstacle Hlow is 6.5 m, and that of the higher obstacle Hhigh is 21.7 m, which are intended to keep the mean
height of the building arrangement in VAR being 10.3 m. The building plane area index in both SQ and VAR was assumed to be the
same value of 0.29, which corresponds to the plane area index evaluated in the computational domain of 11 km by 2 km used in
Yoshida et al. (2018). The two numerical experiments were compared with the two simulations CTL and UNI conducted in Yoshida
et al. (2018). In CTL the actual building distributions and heights were used, while in UNI all the buildings were imposed to have the
same height of 10.3 m.
The computational area covered by the sensitivity experiments of VAR and SQ, as indicated in Fig. 3, is 11 km by 2 km; this area
size is the same as was used in Yoshida et al. (2018) for simulating airflows over Kyoto City. As in Yoshida et al. (2018), the time step
was set to be 0.05 s, and the horizontal grid spacing was 4 m. The Courant number was about 0.0625. The integrated time period was
120 min, and the simulated outputs for the last 30 min were used for the present analysis. Therefore, the total cost of the simulations
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for the idealized roughness distribution was actually the same with that for the actual urban case of Kyoto City. These settings were
chosen because the comparisons between the actual urban cases and the idealized urban-like roughness cases are done in a more
straightforward way.
3.3. Experimental design: Case of a typhoon landfall
Strong wind hazards in Kyoto City are investigated here, as a case analysis for Typhoon Jebi (2018). This typhoon spawned severe
winds along its track. Fig. 4 exhibits the mean and maximum instantaneous wind speeds observed at the meteorological observation
station in Kyoto City, operated by Japan Meteorological Agency, and the atmospheric environmental monitoring site installed on the
top of Kyoto Tower, operated by the local government office of Kyoto City. The anemometer heights of the meteorological station and
the atmospheric environmental monitoring site are 17.6 m and 121 m, respectively. At the meteorological station, the maximum
instantaneous wind speed during the passage of Typhoon Jebi was 39.4 m s−1, which is the second highest record since the station
started to record the maximum instantaneous wind in September 1881. Note that the highest record at the Kyoto meteorological
station is 42.1 m s−1, resulting from Muroto Typhoon in 1934 (which recorded the minimum surface pressure of 911.6 hPa at the
meteorological station in Muroto). On the other hand, the maximum instantaneous wind speed at Kyoto Tower was 57.6 m s−1. It is
interesting to mention here that the gust factor, defined as the ratio of the maximum instantaneous wind speed to the mean wind
speed, is generally larger at the meteorological station than at the environmental monitoring site; the mean gust factor averaged
during the time period shown in Fig. 4 is 1.33 at the environmental monitoring site while is 2.04 at the meteorological station.
A challenge here is whether the LES model can reproduce such a wind variability. Fig. 5 demonstrates the computational area
used for the present LES, including Kyoto Station Building, Kyoto Tower, and the surrounding business districts as well as some
historical temples and architectures. Roughness parameters for this computational area are as follows: λp = 0.36, λf = 0.25,
Have = 11.8 (m), and σH = 8.9 (m). The computational settings are the same as those used in Takemi et al. (2019), except for the
analysis area. The turbulent inflows generated in a driver domain were ingested at the southern boundary (the left boundary in Fig. 5)
as the southerly wind, because the southerly wind was the dominant wind direction during the strong wind period in Kyoto City
associated with the typhoon passage.
Fig. 3. The arrangement of the roughness obstacles used in the numerical experiments SQ and VAR. See the main text for the details of SQ and VAR.
Fig. 4. Time series of wind speeds in Kyoto City in the afternoon of 4 September 2018. Shown are the mean wind speeds observed at the me-
teorological station (green dot) and at the Kyoto Tower atmospheric environmental monitoring site (blue dot and line) and the maximum in-
stantaneous wind speeds at the meteorological station (orange dot) and at the Kyoto Tower site (red dot and line). The time intervals of the data at
the meteorological station and at the Kyoto Tower site are 10 min and 1 min, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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4. Analysis of strong wind hazards in an urban area
4.1. Mapping wind environment
By using the LES outputs of Yoshida et al. (2018), we are able to assess the impacts of strong winds on local-scale environment and
hazard in urban areas. Fig. 6 demonstrates maps of flow characteristics in the business district of Kyoto. The maximum wind speed at
the height of 0.5Have is obtained from the maximum value at each grid point during the simulated time period. As expected, strong
winds occur along wide streets and in open spaces (Fig. 6a). If this maximum wind speed is normalized by the mean wind speed at the
boundary-layer top (as defined in Ahmad et al., 2017), this ratio is also larger along the wide streets and in open spaces than within
the densely built areas (Fig. 6b). The gust factor, defined as the ratio of the maximum to the mean wind speed at a local point, appears
quite differently from the spatial pattern of the maximum winds. Because the mean winds within densely built areas or behind
massive buildings or behind a cluster of buildings are generally weak, gust factors there become large with strong instantaneous
winds. Thus, the features seen in Fig. 6 emphasize that maximum winds will be stronger along major streets and in open spaces while
instantaneous gusts will be more enhanced within densely built areas.
Fig. 7 shows and compares the horizontal distributions of Reynolds stress, normalized by the squared mean wind speed at the top
of the boundary layer, at the height of 2.5Have for the cases examined in Yoshida et al. (2018) (i.e., CTL and UNI) and the cases
examined here (i.e., SQ and VAR). A sharp contrast and large magnitudes are seen around the high-rise buildings above 2.5Have in
CTL (Fig. 7a). In the upper-middle part of Fig. 7a, there are high-rise building clusters including Kyoto Station, which produce a large
magnitude of Reynolds stress in CTL. In contrast, such a large magnitude of Reynolds stress is never seen in UNI (Fig. 7b). Because
both CTL and UNI use the same building arrangement, the difference is due to the influences from the building-height variability in
the corresponding district. This was described more in detail in Yoshida et al. (2018).
If the idealized arrangement was used, the pattern seen in UNI is basically unchanged, but the magnitude overall reduced in SQ
(Fig. 7c). Note that the difference between UNI and SQ is whether the actual spatial distribution of buildings is employed. Thus, the
results shown in Fig. 7b and c suggest that the arrangement of buildings does not have significant impacts on overall turbulent
statistics, when the obstacle height is uniform. With the height variability of the roughness obstacles added (i.e., the VAR case), the
Reynolds stress becomes more enhanced than in the SQ case. The clear difference between VAR and SQ indicates that the building-
height variability is more influential in characterizing the turbulent characteristics than the arrangement of buildings. The contrast of
major and minor Reynolds stress represented in VAR is basically observed in the actual case of CTL. In addition, the comparison
between the results of CTL and VAR suggests that the complicated distribution of the buildings in actual urban areas further
strengthens the magnitude of the Reynolds stress. For example, a large magnitude of Reynolds stress seen within the high-rise
building clusters around Kyoto Station in CTL is not seen in VAR.
The vertical profiles of the mean streamwise wind, the Reynolds stress, and the dispersive flux are demonstrated in Fig. 8.
Compared with the mean winds in UNI and SQ, those in CTL and VAR are significantly reduced not only within the urban canopy
layer (below the level of the mean building height Have) but also above the layer up to the level of 20 times Have. Decreased mean
winds are more enhanced at around the height of Have in VAR than in CTL. This difference in mean winds between CTL and VAR is
considered to be due to enhanced vertical momentum exchanges more in CTL (where building height varies in a realistic and
complicated way) than in VAR (where building height varies regularly). Actually, there are regions of large magnitudes of Reynolds
stress around the high-rise building clusters in CTL, which has significant impacts on overall vertical momentum exchanges not only
in the nearby area around Kyoto Station but also in the whole analysis domain. Because of the enhanced momentum exchanges, the
mean winds at around the height of Have in CTL are less reduced than in VAR.
The Reynolds stress below Have is more enhanced in CTL and UNI than in SQ and VAR, while the stress above Have rapidly
Fig. 5. The building height distribution in the area of 3 km (x axis, from south to north) and 2 km (y axis, from west to east) in Kyoto. The highest
building located at around x = 1 km and y = 1 km is Kyoto Station Building.
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increases and becomes larger in VAR than in the other cases (Fig. 8b). The enhanced nature of the Reynolds stress below the mean
building height in CTL and UNI is due to the irregularity in the building arrangement of the actual urban area. The peaks of the
Reynolds stress at the levels of 2–5Have in CTL and VAR are considered to be due to the effects of the building height variability.
Especially, the most significant peak seen in VAR among all the cases appears at the height slightly above Hhigh, i.e., 21.7 m. This
suggests that the higher building significantly controls the magnitude of the Reynolds stress. The comparison between CTL and VAR
also indicates that the high-rise building clusters around Kyoto Station in CTL, even though their area size is limited, have significant
impacts on the domain-averaged Reynolds stress fields at the extended height levels ranging from about 2Have to 10Have and higher.
As demonstrated in Park et al. (2015) and Han et al. (2017), the impacts of high-rise building clusters on turbulent exchanges are
significant not only locally but also globally.
On the other hand, the dispersive flux below Have is significantly larger in UNI and SQ than in CTL and VAR (Fig. 8c). Because the
dispersive flux is determined from the contribution of temporally averaged flows, the cases with the uniform building height (UNI
and SQ), in which components of mean flows are larger than in the cases with variable building height (CTL and VAR), indicate larger
dispersive flux especially within the canopy layer. The roughness density λp was 0.29 in all the experimental cases; this value is
within the range indicating a regime of wake interference flow over urban buildings with uniform height (Oke, 1988). However, the
increase in the variability of building height results in unsteadiness of flow patterns within urban canopies (Nakayama et al., 2011).
Therefore, the cases with uniform building height will exhibit steady airflow patterns more frequently than the cases with variable
building height. This difference leads to the different representations of dispersive flux in the urban canopy as shown in Fig. 8c. In
Fig. 6. The spatial distribution of (a) the maximum wind speed at z = 0.5Have, (b) the maximum wind speed at z = 0.5Have divided by the mean
wind speed at the boundary-layer top, and (c) the gust factor z = 0.5Have (the maximum wind speed divided by the mean wind speed) in the
business district of Kyoto.
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other words, irregular and anomalous winds are considered to be evident in areas with a complex building arrangement, as seen in
the actual urban areas.
From the results shown in this subsection, it is suggested that instantaneous winds are larger in the case with building-height
variability (VAR) than in the case with constant building height (SQ) and are further enhanced in the case with the actual, complex
building arrangement (CTL) than in the case with the regular building arrangement (VAR). Thus, the actual urban area with complex
building arrangement and building-height variability is potentially hazardous for the occurrence of strong winds. Therefore, the
characteristics of extreme winds will be examined in the next subsection.
4.2. A case analysis of strong winds by an extreme typhoon
In this subsection, the results from the real-case simulations for the case of Kyoto City are presented.
Fig. 9 compares the times series of the observed and simulated instantaneous wind speeds for the time period from 14:20 to 14:50
Japan Standard Time (JST) 4 September 2018. Wind speeds are normalized by the mean wind speed (U ) at the simulated boundary-
layer top (i.e., 326 m) averaged over the analysis area and the simulated time period. Note that the observed winds are available at
the 1-min interval and are the maximum instantaneous value during each 1-min interval, while the simulated outputs are available at
the 1-s interval. The maximum envelop from the simulation seems to well capture the observed maximum instantaneous values. The
mean gust factor for the 30-min period from the observation is 1.35, while the simulated gust factor averaged for the time period is
1.40; the present LES is able to reproduce the gustiness at the Kyoto Tower site.
Fig. 7. The horizontal distribution of Reynolds stress, normalized by the upper-level mean wind squared, at the height of 2.5Have for (a) CTL, (b)
UNI, (c) SQ, and (d) VAR.
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Based on the favorable performance of the present LES, an analysis on the strong wind hazard in the urban area of Kyoto City is
made. Fig. 10 shows the temporal mean and the maximum wind speeds (normalized by the mean wind speed U ) at the height of
0.5Have during the simulated time period in the analysis area. The wind speeds shown here are normalized byU . In Fig. 10a, it is seen
that the mean winds are stronger along south-north-oriented major streets and in some open spaces. In contrast, the wind speeds are
overall very weak around the building clusters of Kyoto Station. This is due to the deceleration of winds within the urban canopy by
blockage from densely built, high-rise buildings. On the other hand, the maximum winds demonstrate some contrasting signatures
(Fig. 10b). Similar to the features found in the mean winds, the maximum winds become stronger along south-north-oriented major
streets and over open spaces. Different points from the features shown in Fig. 10a are that the maximum winds are significantly
stronger around and within the building clusters of Kyoto Station and also along an east-west-oriented major streets at around
x= 2.1 km. As seen in Fig. 5, these areas are characterized as having high-rise buildings embedded in wide-spread low-rise buildings
or open spaces. Thus, the gustiness increases in areas with a mixture of high-rise and low-rise buildings. The wind speeds in those
areas amount to the mean wind at the boundary-layer top (i.e., 326 m). Considering that the observed maximum wind speed at the
height of 121 m at Kyoto Tower is 57.6 m s−1, the maximum wind speed at the height of 326 m would be greater than 57.6 m s−1.
This suggests that the surface maximum winds reached 57. 6 m s−1 or greater in some areas around Kyoto Station or along some
major streets. Therefore, densely built areas with high-rise buildings have potentially a serious risk of being damaged by severe
winds, which was found in the characteristics of gusty winds in an urban district of Osaka City (Takemi et al., 2019).
The characteristics of the surface wind gustiness are further examined in terms of building plane-area index (λp). The plane area
index is computed as the total plane area covered by buildings and structures in a unit area of 500 m by 500 m within the com-
putational domain indicated by Fig. 5. A reason why we chose the unit area size of 500 m by 500 m is that the downscaling
experiments by mesoscale meteorological models are currently aiming at a horizontal grid spacing on the order of 100 m in order to
gain benefits from the fine-scale representations of topography (Takemi, 2013; Takayabu et al., 2016; Takemi and Ito, 2020). From a
convective-scale point of view, Bryan et al. (2003) indicated that the horizontal resolution having the order of 100 m is necessary to
adequately resolve turbulent behaviors of convective motions. In addition, Takemi and Rotunno (2003) showed that spatial filtering
in simulations with the grid spacing on the order of 1 km introduces unnatural grid-scale fluctuations in convective-scale motions.
Actually, the grid spacing on the order of 1 km is regarded as a “terra incognita» zone (Wyngaard, 2004). Furthermore, Japan
Meteorological Agency is targeting to develop a limited-area numerical model with the resolution on the order of 100 m, as a next-
generation numerical weather forecasting model (personal communication). These considerations led us to decide the unit area
having a 500-m size in this study. The choice of 500 m itself is arbitrary, and in our future studies we will explore the proper
horizontal scale to define the roughness properties in various urban districts.
Fig. 11 indicates the relationship between surface maximum winds and plane area index. The surface winds are indicated in terms
of the ratios against the mean wind at the boundary-layer top, and the ratios are computed for the surface winds at the height of
0.5Have and 1.0Have as a grid-point basis except the points within buildings and structures and are averaged over the grid points in
each unit area. It is seen in Fig. 11 that the ratios generally increase with the decrease in λp. This tendency is consistent with that
found in a case of Tokyo studied by Ahmad et al. (2017). In the analysis region of Kyoto City, the areas having higher λp values are
characterized by densely built districts with mostly low-rise buildings, while the areas with lower λp values are by having high-rise
buildings, open spaces, and major streets. Thus, the features seen in Fig. 10b are reflected on the tendency shown in Fig. 11.
According to Oke (1988), the λp value around 0.2–0.3, at which the ratios of the surface maximum winds are higher, falls within
the range of wake interference flow. In this flow regime, flow fields in general indicate an unsteady, turbulent nature within the urban
Fig. 9. Time series of wind speeds observed at the Kyoto Tower site (gray circle) and simulated by the LES model at the point corresponding to the
Kyoto Tower site (red line) for 30 min corresponding to the period from 14:20 to 14:50 JST 4 September 2018. The observed maximum in-
stantaneous wind speed during 1-min interval is normalized by the observed mean wind for the 30-min period, while the simulated instantaneous
wind speed is normalized by the simulated mean wind for the 30-min period. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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canopy. The variability of building height will enhance such an unsteady nature (Nakayama et al., 2011; Yoshida and Takemi, 2018).
The result shown in Fig. 11 suggests that wind gustiness clearly appears in a pronounced way especially in the regime of wake
interference flow.
5. Summary and conclusions
This study investigated the characteristics of turbulent airflows and their instantaneous peaks and thereby demonstrated potential
hazards due to strong winds in an urban area as a case study for Kyoto City by employing an LES modeling approach. The actual
building data were used to simulate turbulent flows over a business district in Kyoto City. The analysis of morphology of urban areas
of Kyoto City in comparison to those of Osaka and Tokyo indicated that the geometrical features of an urban district in Kyoto City is
characterized as having a high variability of building heights and a high density of building areas than those found in cities in Europe
(Ratti et al., 2002), similarly seen in the cases of Osaka and Tokyo.
By using the LES outputs of Yoshida et al. (2018) as well as conducting additional sensitivity experiments for flows over idealized
roughness obstacles, we demonstrated that maximum instantaneous winds become stronger along major streets and in open spaces
while gustiness is increased within densely built areas. The sensitivity experiments of airflows over regularly distributed roughness
obstacles in addition to the simulations of airflows over the actual urban area of Kyoto City indicated that regular arrangements of
buildings would enhance steady natures of airflows within urban canopy, and that the building height variability would increase
unsteadiness of airflows. From the comparison of the LESs of airflows over the actual urban area (Yoshida et al., 2018) and over the
Fig. 10. (a) Mean and (b) maximum wind speeds at the height of 0.5Have (about 6 m) during the simulated time period of 30 min. The wind speeds
are normalized by the mean wind at the boundary-layer top (U ), and the ratios of the wind speeds against U are indicated.
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regularly distributed roughness obstacles, it is suggested that the actual, complex arrangement of buildings would further strengthen
instantaneous winds in addition to the effect of the building height variability.
We further examined hazards induced by strong winds by assuming an actual condition of extreme winds. We chose Typhoon Jebi
(2018) as a case. After confirming the validity of the present LES model against the observation at a high elevation equipped on Kyoto
Tower, the LES results for surface winds showed that sustained winds are generally stronger along the major streets oriented in the
streamwise direction and over open spaces while instantaneous winds become stronger especially within areas having high-rise
buildings embedded in wide-spread low-rise buildings or open spaces. Such gustiness seen in the surface winds was examined in
terms of building plane area index λp. The wind gustiness increases with the decrease in λp in the analysis region of Kyoto City. The
peak values of the wind gustiness were found in the λp range showing a wake interference flow regime (Oke, 1988). As demonstrated
in the present analyses on the data of Yoshida et al. (2018) and the sensitivity experiments, the building height variability enhances a
turbulent nature of airflows in urban canopy, and the complex arrangement of actual buildings further strengthens instantaneous
winds. Therefore, the present study concludes that both the building height variability and the actual complex building arrangement
are considered to enhance the gustiness of surface winds. Such urban geometrical features should be taken into account in order to
assess the urban hazards resulting from strong winds.
Demonstrating the use of the LES model for assessing the atmospheric environment and the natural hazards is an important
scientific contribution of this study. For example, considering that a typhoon is one of the major natural hazards in Japan and also in
East and Southeast Asia, assessing the impacts of hazards produced by typhoons is an important step for preventing and mitigating
resulting disasters. Impacts of hazards will occur at local-scales, and therefore detailed information of hazards at local-scales is
prerequisite. Especially in densely built urban districts, the impacts of hazards are quantitatively different depending on the specific
districts in cities. We have indicated that the LES model can provide quantitative information of extreme winds in terms of the
maximum instantaneous winds within urban districts.
There are common understanding of the importance and usefulness of dynamical downscaling techniques in assessing the impacts
of extreme weather under future global warming (Takemi et al., 2016a). However, such downscaling experiments for impact as-
sessment studies are conducted with the use of a mesoscale meteorological model, such as the WRF model, at the horizontal grid
spacing of around 1 km. At this grid, the detailed structure of urban areas cannot be explicitly represented. By coupling a mesoscale
meteorological model with an LES model, we will be able to simulate turbulent airflows in actual urban areas under real meteor-
ological settings. Such a coupling would enable to investigate environmental hazard under various meteorological conditions.
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